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Two-dimensional (2D) transition metal dichalcogenides (TMDs) such as molybdenum disulfide (MoS2) have been intensively investigated 
because of their exclusive physical properties for advanced electronics and optoelectronics. In the present work, we study the MoS2 transistor 
based on a novel tri-gate device architecture, with dual-gate (Dual-G) in the channel and the buried side-gate (Side-G) for the source/drain 
regions. All gates can be independently controlled without interference. For a MoS2 sheet with a thickness of 3.6 nm, the Schottky barrier (SB) 
and non-overlapped channel region can be effectively tuned by electrostatically doping the source/drain regions with Side-G. Thus, the 
extrinsic resistance can be effectively lowered, and a boost of the ON-state current can be achieved. Meanwhile, the channel control remains 
efficient under the Dual-G mode, with an ON-OFF current ratio of 3×107 and subthreshold swing of 83 mV/decade. The corresponding band 
diagram is also discussed to illustrate the device operation mechanism. This novel device structure opens up a new way toward fabrication of 
high-performance devices based on 2D-TMDs. 
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Figure 1 (a) Schematics of the MoS2 tri-gate transistor with electrical connections used to characterize the device. (b) AFM image of the MoS2 
flake after transferring to the buried BG electrodes. The region indicated by a black dashed box will be filled by depositing contact electrode during 
the next fabrication step. (c) Height profile of the multilayer MoS2. The height profile is measured along the red line in (b). (d) Optical image of the 
fabricated device (two FETs connected in series based on the same MoS2 flake). 
 
 
 
 
 
. 
 
Figure 2 (a) Output characteristic curves of MoS2 Side-G FET with VDual-G=+4 V. The inset shows an equivalent circuit model of the MoS2 tri-gate 
transistor. (b) Transfer characteristic curves of MoS2 Side-G FET obtained by sweeping the VSide-G from -4 to +4 V with a fixed bias of VD=0.1 V 
and VBG=VTG=0 V. (c) Output characteristic curves of MoS2 tri-gate FET for various applied VDual-G with VSide-G=0 V. The inset shows an equivalent 
circuit model of the MoS2 tri-gate transistor with a low VSG. (d) Transfer characteristic curves of VBG, VTG and VDual-G with VD=0.1 V and VSide-G=0 
V at room temperature. (e) Output characteristic curves of MoS2 tri-gate FET for various applied VDual-G with VSide-G=+4 V. The inset shows an 
equivalent circuit model of the MoS2 tri-gate transistor with a high VSide-G. (f) Transfer characteristic curves of VBG, VTG and VDual-G with VD=0.1 V 
and VSide-G=+4 V at room temperature. 
 
 
  
 
 
 
 
 
 
 
Figure 3 VSide-G dependent electrical measurement. Linear (a) and semi-log (b) plot of ID-VDG characteristic of the MoS2 tri-gate transistor under 
various applied VSide-G from 0 to +4 V at a step of 0.5 V. (c) ION/IOFF and extracted values of SS as a function of VSide-G. (d) Extracted values of µ2P, 
µ0 and Rex as a function of VSide-G. Band-diagram of the device when applying low VSide-G (e) and high VSide-G (f) with VDual-G>VTH. 
 
 
 
 
 
 
 
 
 
. 
 
 
 
 
 
Figure 4 The electrical characteristic of MoS2 tri-gate FET with VSide-G=+4 V. (a) 2D contour plot of ID as a function of VTG and VBG at constant 
drain voltage VD=0.1 V. (b) A simplified capacitance model of the tri-gate FETs. (c) Linear plots of BG transfer characteristics with TG voltage 
ranging from -4 to +4 V. The step of gate voltage change is 1 V. The dashed lines indicate changes in the slope of dID/dVTG. (d) VTH and µ2P 
(extracted from BG transfer curves (c)) as a function of TG bias. 
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Section 1 
Figure S1 Photograph (a) and schematic diagram (b) of the customer designed micro-aligner. 
Figure S2 (a-i) Fabrication process flow of the tri-gated MoS2 FET. 
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 Figure S4 Transfer characteristics of MoS2 tri-gate FETs with varied VSide-G values. The thickness of the MoS2 channel for each panel is 1.3 
nm (a), 4 nm (b) and 5 nm (c). 
. 
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 Section 2  
Rational function fitting method 
 
                                  
Figure S7 Schematic of equivalent circuit model of the tri-gate MoS2 FET with a fixed VSide-G. 
 
As the simplified equivalent circuit model shown in Fig. S7,  
                                           2 Dtotal ch ex
D
V
R R R
I
            (S1) 
where totalR is the total resistance and chR  is channel resistance, exR  is extrinsic resistance relate to VSG, including the 
resistance from the ungated regions (Rnon-overlapped) and contact resistance (Rc) between metal and MoS2, DV  is drain voltage 
bias and DI  is the drain current. DI  can also be written as: 
                 0 ' '=2D ox GS TH D
W
I C V V V
L
           (S2) 
Where 0 is intrinsic carrier mobility, ox2C  is the dual-gate oxide capacitance, W and L is the channel width and length, 
'DV is effective drain bias of the T3, denoted in Fig. S7. For small DV , the VGS’ is approximately equal to VGS, thus 
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Therefore, it can be simplified as a rational function: 
                                      
a
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where 
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a
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C W
  , b THV  and xc 2 eR . We can use equation (S5) to fit the totalR ~ GSV  curve and obtain the fitting 
parameter c. 
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Section 3  
Y-function method [1-6]  
 The Y-function is defined as 
                                       = D
m
I
Y
g
                       (S6) 
ID is the drain current, and gm is the transconductance (= D
G
dI
dV
), Therefore, the Y-function can be calculated from the transfer characteristics 
(ID-VG). In the strong inversion region, the Y-function is linearly dependent on 𝑉G as: 
 
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0= 2
g
D
ox D G TH
m
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where 𝜇0 is the low field mobility, 2𝐶𝑜𝑥 is the gate oxide capacitance, 𝑉D is the drain voltage, and 𝑉TH is the threshold voltage. 𝑊 and 𝐿 are 
the channel width and length, respectively. After the linear fitting of the Y-function vs. VG, both low field mobility (𝜇0) and threshold 
voltage (𝑉TH) can been extracted. Once 𝜇0 and 𝑉TH are obtained, the mobility attenuation coefficient (𝜃) can be determined as: 
 
 1D G TH
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V V
g V V
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The mobility degradation factor (θ) includes the effects of the extrinsic resistance (2Rex), and can be expressed as: 
0 04Rex ox
W
C
L
                    (S9) 
where 𝜃0 is the intrinsic mobility degradation factor. The θ in multilayer MoS2 has a significantly larger contribution from 2 exR  as 
compared to the 𝜃0. Hence, 𝜃0 is considered negligible [2, 3]. As a result, the contact resistance exR can be calculated from 𝜃. 
                                       
04
ex
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L
R
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                   (S10) 
 
Figure S8 Extraction of Rex by the Y-function method. (a) Y-function vs. VDual-G of the tri-gate MoS2 transistor with Dual-G mode and 
VSide-G=+4 V. From the linear fit in the strong inversion region (red solid line), both the low-field mobility (0) and threshold voltage (VTH) 
can be extracted from the x-intercept and the slope. (b) The mobility attenuation coefficient (θ) as a function of VDual-G can be calculated by 
the equation (3). (c) The 𝑅ex as a function of VDual-G which can be calculated from 𝜃. 
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